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a  b  s  t  r  a  c  t
Co-Al  and  Ni-Al  layered  double  hydroxides  (LDHs)  intercalated  with  three  types  of anionic  molecules,
dodecylsulfate  (C12H25SO4−, DS),  di-2-ethylsulfosuccinate  ([COOC2H3EtBu]2C2H3SO3−, D2ES),  and  poly-
tungstate  (H2W12O4210−, HWO)  were  prepared  by  means  of  ion-exchange  and  co-precipitation  processes.
With  the  use  of  DS and  D2ES  as  intercalation  agents,  high  crystallinity  was  maintained  after  intercalation
into  the LDHs.  In the  case  of  HWO,  the  intercalated  LDHs  could  be  obtained  by  ion-exchange  as  well as
co-precipitation  with  a  decline  in  the  crystallinity;  however,  unreacted  LDH  was  detected  in the  ion-
exchange  samples,  and some  unwanted  phases  such  as  hydroxide  and  pyrochlore  were  generated  by  the






intercalated  HWO,  prepared  by  the  ion-exchange  process  were  74  m /g and  0.174  mL/g, respectively.
The  occupancies  of  DS,  D2ES,  and HWO  within  the  interlayer  space  were  approximately  0.3–0.4,  0.5–0.6,
and  0.1–0.2, respectively,  in  the  Co-Al  and  Ni-Al  LDHs.  Analysis  of  the  catalytic  activity  demonstrated
that  the  DS-intercalated  Ni-Al  LDH  sample  exhibited  relatively  good  catalytic  activity  for  conversion  of
cyclohexanol  to cyclohexanone.
©  2014 The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by. Introduction
Layered double hydroxides (LDHs) are generally composed of
ivalent cations (Mg, Ca, Zn, etc.) and trivalent cations (Al, Fe,
o, etc.), a hydroxide layer, and anions intercalated between the
norganic layers for charge compensation. LDHs are attractive
andidates for use as adsorbents, photocatalysts, catalysts, anion
xchangers, in electrochemical batteries, and so on. For use as an
nion exchanger, the LDH must not be intercalated with CO32− as
he anion because CO32− is the most stable anion within the inter-
ayer space of the LDH [1,2]. For application as a photocatalyst or
atalyst, active species must be included in the LDH component.
or example, Silva et al. reported that the ZnCr LDH exhibited pho-
ocatalytic activity for decomposition of H2O using AgNO3 as a∗ Corresponding author. Tel.: +81 55 220 8616; fax: +81 55 254 3035.
E-mail address: takei@yamanashi.ac.jp (T. Takei).
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sacriﬁcial agent [3]. Katsumata et al. reported that the ZnCr LDH
could be used for photocatalytic reduction of CO2 [4]. As a catalyst,
Jana et al. reported that the MgAl LDH with co-substituted poly-
oxometalate (POM) was active for conversion of cyclohexanol to
cyclohexanone [5]. Zhu et al. reported that a Cu-containing LDH
was an effective oxidization catalyst for phenol [6]. On the other
hand, a Ni-containing LDH was examined for electrochemical appli-
cation [7,8], where the Ni component acts as an electron receiver
by variation of the valence of Ni. For all applications, the surface
area accessible to gas or ion species is important. Exfoliation of
LDHs has been reported as a means of expanding the LDH  sur-
face area [9–11]. Takei et al. reported the exfoliation of a transition
metal-containing LDH and subsequent deposition by H2O contain-
ing CO32− ions to expand the surface area [12]. Transition metals are
generally expected to be good catalysts because of the presence of
localized d-electrons; therefore, LDHs containing transition metals
are promising materials as catalysts for hydrogenation, polymer-
ization, oxidation, reduction reactions, etc., for the conversion of
organic species.
LDHs exhibit some soft-chemical reactivities, such as inter-
calation, exfoliation, and ion-exchange. Ion exchange or thermal
decomposition-reconstruction processes are generally utilized in
the synthesis of intercalated LDHs [13–15]. The structure and
catalytic properties of intercalated LDHs vary depending on the
intercalated molecules and the chemical composition of the LDH.
However, the relationships between the molecular structure and
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he porous and catalytic properties of intercalated LDHs are unclear.
n this study, the effect of intercalated anions (some organics and
OM) with different sizes and electronic densities on the porosity of
ransition metal-(Co and Ni)-containing LDHs is examined. In addi-
ion, the catalytic activity of the transition metal-containing LDHs
ith/without POM for the conversion of cyclohexanol to cyclohex-
none is evaluated. Based on the catalytic behavior, the effects of
oth the transition metal in the LDHs and the POM are evaluated
y using three molecules for intercalation.
. Experimental
.1. Preparation of LDHs containing Co and Ni
LDHs were prepared by a hydrothermal process. Divalent metal
itrate [Co(NO3)2·6H2O or Ni(NO3)2·6H2O] and trivalent metal
itrate [Al(NO3)3·9H2O] were used to supply the component
ations of the brucite layer (hydroxide layer) of the LDH. These
itrates were combined in a 2:1 ratio and completely dissolved
n distilled water (DIW) to give a ﬁnal concentration of 0.25 mol/L
or the divalent cations. The pH of the solutions was  then adjusted
o 7 ± 0.1 using NaOH and HNO3 and was measured after several
inutes. The pH-adjusted solution was hydrothermally treated at
20 ◦C for 72 h to form the LDH phase. The obtained LDHs contain-
ng Co and Ni are designated as Co-Al X and Ni-Al X, where X is the
ame or chemical formula of the anion included within the inter-
ayer space. For all of the as-prepared samples, X was  expressed as
O32−.
Intercalation of the guest molecules into the LDH phase was
arried out by either ion-exchange or co-precipitation during
reparation of the LDHs. The typical process for preparation of the
DHs and intercalation by ion-exchange and co-precipitation are
espectively explained in the two ensuing sections.
.2. Ion-exchange process
LDHs should be decarbonated before intercalation of the guest.
ecarbonation was carried out by the literature method [1]. The
DH samples were stirred in acetate buffer solution containing NaCl
or 24 h. The acetate buffer solution was composed of acetic acid,
odium acetate, and aqueous NaCl at a ratio of 1:9:250. After stir-
ing, the treated samples were washed with N2-bubbled DIW and
ried at room temperature (RT) using dried silica gel. Anions (X−)
ncluded in the decarbonated LDHs could thus be exchanged to Cl−.
The decarbonated LDHs were then used for the intercalation.
hree types of guest molecules were used, i.e., sodium dode-
ylsulfate (C12H25OSO3Na), sodium di-2-ethylsulfosuccinate
[COOC2H3EtBu]2C2H3SO3Na), and sodium polytungstate
Na10[H2W12O42]). These molecules readily dissociate into a
odium cation and relatively large anions with different charge
ensity. These anionic molecules are designated as DS, D2ES,
nd HWO, respectively. Schematic illustrations of these anionic
olecules are presented in Fig. 1, and the physical properties
surface area and volume) are listed in Table 1. The DS and D2ES
nions are respectively single and dual-chain molecules that can
xpand the interlayer spacing easily. Consequently, intercalation
f DS and/or D2ES may  increase the accessible surface of the Co-
r Ni-containing LDH, which may  provide information on the
atalytic activity of the LDH only. In the case of HWO, intercalation
hould produce a hybrid effect of the Co- or Ni-containing LDH and
OM. These guests were ﬁrst dissolved in DIW and the decarbon-
ted LDH was placed into the solution containing an equivalent
oncentration of the guest (intercalation agent). The solutions
ere then shaken at 200 rpm at RT for 120 h. The resultant samples
ere washed with N2-bubbled DIW and dried with silica gel at RT.Fig. 1. Schematic illustrations of the intercalated molecules: (a) DS, (b) D2ES, and
(c)  HWO.
For the sample prepared by the ion-exchange process, ‘(IE)’ was
appended to the sample name.
2.3. Co-precipitation during preparation of LDHs
The co-precipitation process was carried out as follows. The
starting reagents for preparation of LDHs were the same as used
in the typical preparation process mentioned above, except for
addition of the guest molecules. Each of the three types of guest
molecules was placed into the solution before adjustment of the
pH. An amount of the guest molecule equivalent to the amount
of the LDH was  used. The pH of the solution was  then adjusted
and the solutions were hydrothermally treated at 120 ◦C for 72 h
in the same manner described above. The resultant sample was
washed with decarbonated DIW and dried at 50 ◦C. The abbrevia-
tion ‘(CP)’ appended to the sample name indicates that the sample
was prepared by the co-precipitation process.
2.4. Characterization
The prepared intercalated LDH hybrids were identiﬁed by X-
ray diffraction (XRD; RIGAKU RINT-2000) using monochromated
CuK radiation. The chemical compositions of the cations in the
hybrid were measured via inductively coupled plasma (ICP; SII,
SPS-1700) analysis. The amount of organic component in the hybrid
was estimated by thermal gravimetric-differential thermal analysis
(TG-DTA; RIGAKU, TG-8120). The microstructures were observed
by means of ﬁeld emission scanning electron microscopy (FE-
SEM; JEOL, JEM-6500F). The porous texture was  evaluated by using
Brunauer–Emmett–Teller (BET) analysis and t-plot calculation for
the speciﬁc surface area and micropore analysis using a micro-
porosimeter (Nippon-BEL, BELSORP-mini). The conversion from
cyclohexanol to cyclohexanone was measured via HPLC with an
ODS column at 40 ◦C. The initial concentration of cyclohexanol was
0.1 mol/L and the concentration of the catalysts was 2 g/L. The reac-
tion was carried out at 100 ◦C with stirring and the concentration
was monitored at 20 min  intervals.
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Table  1
Physical and electronic properties of the molecules intercalated within the interlayer space of LDH.
Abbr. name of anionic molecule Molecular weight (g mol−1) Volume (nm3) Surface area (nm2) Electronic charge
DS 265.4 
D2ES 421.6










Dig. 2. XRD patterns of the Co-Al LDHs with intercalated DS, D2ES, and HWO  anions.
. Results and discussion
.1. Ion-exchange in the interlayer space of LDH
Fig. 2 shows the XRD patterns of the Co-Al CO32− and Co-Al
l− LDHs and their intercalated derivatives generated by the ion-
xchange process. The interlayer spacing of the starting LDH was
pproximately 0.9 nm and decreased to ∼0.8 nm after ion-exchange
rom CO32− to Cl−. The interlayer spacing increased from the initial
alue to ∼2.6 nm with intercalation of DS, to ∼3.0 nm with D2ES,
nd to ∼1.3 nm with HWO. The diffraction peaks of the DS- and
2ES-intercalated LDH samples were very sharp whereas broad
Fig. 3. Isotherms and t-plots of Co0.259 3.41 −1
0.397 4.82 −1
0.604 6.79 −10
peaks were identiﬁed in the XRD pattern of the HWO-intercalated
LDH, which are attributed to the intercalated phase. These broad
peaks might result from the difﬁculty in forming the intercalated
structure with HWO. The low crystallinity may  result from the
hardness of the anion. The DS and D2ES anions are primarily com-
posed of alkyl chains that are very ﬂexible, as shown in Fig. 1. On the
other hand, the HWO  anion can be regarded as a rigid large particle.
Because the LDH nanosheet is composed of 2-dimensionally edge-
shared M(OH)6 octahedra, the nanosheet is expected to be ﬂexible
and to bend easily. Therefore, the crystallinity of the sample might
decrease with intercalation of HWO. In addition, a peak at 2 = 18◦
can be observed in the patterns, which may  be attributed to the
hydroxide (Co(OH)2) phase. A small amount of the unreacted LDH
phase is also observed in this sample. However, intercalation of
HWO into the LDH can be deﬁnitively conﬁrmed from the broad
peak in the patterns. Fig. 3 shows the isotherms and t-plots of
the Co-Al derivatives. The adsorption volumes from the respective
isotherms are very similar, except for the D2ES-intercalated LDH.
The speciﬁc surface areas of these samples are almost the same at
∼15 m2/g. The N2 adsorption volume of the D2ES sample was very
small. These isotherms conﬁrm that the sample is non-porous and
the particle size is very large for the ion-exchanged samples of Co-
Al. In fact, this sample was  obtained as a transparent bulk piece and
the amount obtained was signiﬁcantly smaller than the others.
Fig. 4 shows the XRD patterns of the Ni-Al CO32− and Ni-Al
Cl− LDHs and their intercalated derivatives. The interlayer spac-
ing increases from 0.8 nm to 2.7, 3.0, and 1.2 nm upon intercalation
of DS, D2ES, and HWO, respectively. The XRD pattern of the sam-
ple with HWO  is notably broadened. However, the hydroxide peak
was not detectable. In the case of the D2ES sample, a small bulk
piece was  obtained, the appearance of which was  similar to that
of the Co-Al LDH. Fig. 5 shows the isotherms and t-plots of the
Ni-Al derivatives. From these isotherms, the adsorption volumes
increased evidently due to intercalation. The speciﬁc surface areas
of Ni-Al LDH, and the DS-intercalated and HWO-intercalated sam-
ples were 2, 28, and 74 m2/g, respectively. The surface area could
not be determined for the sample with intercalated D2ES because
the adsorption volume was small, similar to the case of the Co-Al
LDH. Large hysteresis loops can be observed in the isotherms of DS
and the HWO-intercalated LDHs. This hysteresis is attributed to a
-Al LDH and its derivatives.

















tig. 4. XRD patterns of the Ni-Al LDHs with intercalated DS, D2ES, and HWO  anions.
hange of the hybridized texture. The micropore volumes could not
e deﬁnitively determined from the t-plots of the samples because
ome capillary condensation seems to occur in the higher pressure
ange for certain samples.
.2. Co-precipitation during preparation of LDHs by
ydrothermal process
Fig. 6 shows the XRD patterns of the co-precipitated Co-Al and
i-Al samples respectively intercalated with DS and HWO  during
ydrothermal treatment. In the case of D2ES, no deposits could
e obtained by the hydrothermal reaction. For the Co-Al sam-
les, intercalation of DS resulted in relatively high crystallinity.
he crystallinity of the LDH declines when HWO  is intercalated
uring hydrothermal treatment. Similar to the LDH samples inter-
alated by means of ion-exchange, the interlayer spacings of the
o-precipitated samples also increase. In the case of the Ni-Al LDH,
he intercalation of DS proceeded giving rise to relatively low crys-
allinity of the LDH. In the case of the HWO-intercalated LDH, the
Fig. 5. Isotherms and t-plots of NiFig. 6. XRD patterns of the hydrothermally prepared Co-Al and Ni-Al LDHs including
anions within interlayer spaces.
pattern conﬁrms the presence of both an intercalation phase with
an interlayer space of ca. 1.1 nm and an undesired pyrochlore phase
(Na0.84W2O6(OH)0.23·0.69H2O) with relatively high crystallinity.
For both compositions (i.e., Co-Al and Ni-Al) some amount of the
metal hydroxide was  present in the HWO-intercalated LDHs. How-
ever, no unreacted LDH phase was observed in these patterns.
Fig. 7 shows the isotherms and t-plots of the intercalated LDHs
obtained by hydrothermal treatment. From these isotherms, the Ni-
Al LDH with intercalated HWO  can be regarded as a porous material.
The t-plots of these LDH derivatives conﬁrm that the Ni-Al LDH with
HWO  has micropores of ca. 2 nm in size. The speciﬁc surface area of
this sample is ca. 48 m2/g. The speciﬁc surface area of the pyrochlore
is ca.10 m2/g based on estimation of the crystallite size from Scher-
rer’s equation using the XRD patterns in Fig. 6. The smaller surface
area relative to a similar sample prepared by shaking (74 m2/g)
possibly results from the formation of the pyrochlore phase. It is
difﬁcult to determine whether micropores are present in the other
samples based on the t-plot because capillary condensation occurs
at higher pressure. From these results, the surface area of the Ni-Al
-Al LDH and its derivatives.

























tFig. 7. Isotherms and t-plots of the Co-Al and Ni-Al LDHs and
DH is generally larger than that of the Co-Al LDH. The presence of
icropores can be conﬁrmed for some samples; however, capillary
ondensation occurs at high pressure and occludes the detection of
he micropores. Consequently, analysis of the hybrid texture based
n theoretical consideration of the porous properties was required
nd is presented in the next section.
.3. Pore structures of intercalated LDH
Fig. 8 shows the FE-SEM micrographs of the intercalated Co-Al
nd Ni-Al LDHs. The particle size of the samples prepared by ion-
xchange seems to be affected by the particle size of the starting
DHs. The samples with intercalated D2ES generally had a ﬁlm-
ike morphology. The particle size of the co-precipitated samples
as notably small. The co-anion may  act as an inhibitor of the
rowth of the LDH particles. The particle size was  especially small
or the LDH with HWO  prepared by co-precipitation, and the LDH-
late could not be observed. Despite the difﬁculty of evaluating the
ybridization textures of the samples, it could be deduced that the
rimary particles of the LDH are smaller for Ni-Al than for Co-Al.
uch small particles often tend to form pores between LDH primary
articles, which affects the adsorption isotherms. Thus, the changes
n the isotherms may  result from these ﬁne pores between the LDH
rimary particles.The physical morphology of the samples can be regarded as a
ixture of intercalated hybrid and excess intercalation agent par-
icles that cannot be intercalated, as shown in Fig. 9. For this model,
he pore volume (Vp), speciﬁc surface area (Sp), and occupancy
Fig. 8. FE-SEM micrographs of the intercalated Co-Al and Ni-Al LDHsponding derivatives prepared by hydrothermal treatment.
within the interlayer space (Oc) of the sample can be expressed
as follows:
Vp =
(d − t)SNS − VmAk − VCO3C
MNS + MmAk + MCO3C + (4/3)r3out(Mm/Vm)A(1 − k)
(1)
Sp =
SNS + SmAk + SCO3C + 4r2outA(1 − k)






where d is the separation between the brucite layers, t is the
thickness of the hydroxide nanosheet, and SNS and MNS are the
crystallographic area and mass of a nanosheet inscribed in a unit
cell (a = 0.3046 nm,  hexagonal), respectively. The values of t and SNS
used in this paper are 0.39 nm and 0.08 nm2. Vm, Sm, and Mm are
the volume, surface area, and molecular weight of the intercalated
anionic molecules, DS, D2ES, or HWO, as shown in Table 1. VCO3 , SCO3
and MCO3 are the volume, surface area, and molecular weight of the
intercalated CO32−, respectively. The values of these parameters
used herein are 0.042 nm3, 0.64 nm2, and 60 g mol−1, respectively.
A and C are the amount of the intercalated anionic molecules and
CO32− included in the sample, respectively, measured by TG-DTA
and ICP analysis; k is the fraction of intercalated anionic molecules;
rout is the particle size (radius) of the non-intercalated molecules
that are present outside of the LDH particles. Vp and Sp are esti-
mated from the N2 isotherms. Vp is determined at P/P0 = 0.962,
which corresponds to 50 nm of the maximum mesopore size. In
this model, the pore volume, Vp, is assumed to be generated only
s prepared by ion-exchange and co-precipitation processes.
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Fig. 9. Schematic model of intercalated hybrid.
Table 2
Physical properties and intercalation moieties of the molecule-intercalated LDH.
Sample Sp (m2/g) Vp (mL/g) A k C rout (nm) Oc
Co-Al CO32− 17 0.048 – – 0.160 – –
Co-Al  DS (IE) 14 0.035 0.250 0.99 0.040 6.5 0.37
Co-Al  D2ES (IE) 0 0.006 0.300 1.00 0.020 – 0.57
Co-Al  HWO  (IE) 18 0.043 0.028 0.97 0.027 3.5 0.24
Co-Al  DS (CP) 23 0.078 0.240 0.97 0.050 3.0 0.35
Co-Al  HWO  (CP) 11 0.017 0.021 1.00 0.074 – 0.28
Ni-Al  CO32− 2 0.005 – – 0.160 – –
Ni-Al  DS (IE) 28 0.097 0.220 0.97 0.060 2.9 0.31
Ni-Al  D2ES (IE) 0 0 0.260 – 0.040 – –
Ni-Al  HWO  (IE) 74 0.174 0.014 1.00 0.104 – 0.21
300 0.98 0.020 3.6 0.38
































tNi-Al  DS (CP) 16 0.057 0.
Ni-Al  HWO  (CP) 48 0.056 0.
etween the inorganic layers. The speciﬁc surface area (Sp) is
ssumed to be derived from a plane on the face of the inorganic
ayer. From these equations and this assumption, k and rout can
e calculated. Oc indicates the volume occupied by the molecule
ithin the interlayer space, i.e., the volumetric occupancy. The cal-
ulated parameters for assessing the porous morphological features
re summarized in Table 2. In this model, the anionic molecules
re assumed to exist both within the interlayer space and on the
uter LDH surface, though CO32− is present only in the interlayer
pace. The general formula used in the model can be expressed as
2+
1−xAlx(OH)2XA(CO3)C . ICP results conﬁrm that x ranges from 0.31
o 0.36 for Co-Al and Ni-Al.
Based on the data in Table 2, most of the molecules placed into
he solution are found to be intercalated within the interlayer space
n all of the samples based on the minimum k values of 0.97. How-
ver, intercalation of HWO  may  be accompanied by intercalation of
O32−, which increases the CO32− content in the HWO-intercalated
DH. In addition, the outer particles comprising the intercalation
gent are several nm in size in all of the samples. Therefore, the
utside particles used can be ignored in this study. The volumet-
ic occupancy within the interlayer space is 0.3–0.4 for DS, 0.5–0.6
or D2ES, and 0.2–0.3 for HWO. The volumetric occupancy may  be
etermined by the charge density per unit volume of the molecules.
n fact, the respective charge densities of the intercalated molecules
re estimated to be 3.9, 2.5, and 16.6 nm−3 for DS, D2ES, and HWO,
espectively, from the molecular volume and electronic charge in
able 1. Thus, a higher charge density of the molecule results in
ower occupancy and a resultant large pore volume within the
nterlayer space. Fig. 10 shows the relationship between the charge
ensity of the intercalated molecules and the interlayer occupancy.
rom this plot, a higher charge density results in lower occupancy
ithin the interlayer space. This tendency may  be clear evidence of
he intercalation of the three kinds of molecules into the interlayerFig. 10. Relationship between charge density of the intercalated molecules and
occupancy of the interlayer space.
space. Fig. 11 shows a schematic illustration of the LDH derivatives.
In the case of the DS and HWO-intercalated LDH, the molecules
may  be intercalated as a monolayer. A bilayer structure is plausible
for the D2ES-intercalated LDH based on the XRD patterns, hybrid
textural analysis, and other data presented above.
3.4. Catalytic activity for conversion of cyclohexanolThe catalytic activity of the DS- and HWO-intercalated LDH
samples for cyclohexanol conversion was examined; however,
unfortunately, only a small amount of the D2ES-intercalated LDH
T. Takei et al. / Journal of Asian Ceramic Societies 2 (2014) 289–296 295

















Dig. 12. Variation of concentration of cyclohexanol and generated cyclohexanone
n  the presence of the hybrid catalysts with DS and HWO.
ould be obtained from either hybridization process, thus preclud-
ng this analysis. Fig. 12 shows the changes in the concentration
f cyclohexanol and the generation of cyclohexanone in the pres-
nce of the hybrid catalysts from the co-precipitation process.
he concentration of cyclohexanol decreased with the use of all
amples. However, the amount of cyclohexanone increased only
lightly, especially with the use of Ni-Al DS. Therefore, the gen-
ral decrease in the cyclohexanol concentration probably results
rom adsorption of cyclohexanol. The intercalated compounds with
WO  and DS seem to have a larger capacity for adsorption than
he non-intercalated samples. Based on the compositional differ-
nces of the LDH samples, the decrease in the concentration of
yclohexanol appears to be similar for the non-intercalated sam-
les and the HWO-intercalated hybrids. However, in the case of the
S-intercalated samples, the cyclohexanol vanished completelyf the intercalation model.
with the use of Ni-Al DS, where the cyclohexanone concentration
increased in correspondence with the disappearance of cyclohex-
anol.
The catalytic behavior can be summarized as follows: cyclohex-
anol tends to be adsorbed on the hybrids or converted into other
species. The cyclohexanol concentration decreased in the presence
of the HWO-intercalated hybrids but was not converted into cyclo-
hexanone. Of the DS-intercalated hybrids, Ni-Al DS is effective for
conversion of cyclohexanol to cyclohexanone. A plausible reason
for this conversion ability is the larger interlayer distance relative to
the other materials. Because the maximum length of cyclohexanol
is ca. 0.8 nm,  it is difﬁcult to insert cyclohexanol into the interlayer
space of the hybrids, except for the DS samples. Thus, the Ni-Al
LDH is catalytically active for the conversion of cyclohexanol to
cyclohexanone.
4. Conclusions
Three types of molecules with different charge densities were
intercalated into the Co-Al or Ni-Al LDH via ion-exchange or
co-precipitation during synthesis of the LDH. The physical charac-
teristics of the prepared hybrids were examined based on the XRD
patterns and porous properties. The results can be summarized as
follows:
1. DS-, D2ES- and HWO-intercalated LDH hybrids were success-
fully prepared by the ion-exchange process, and the DS- and
HWO-intercalated LDH hybrids were successfully prepared by
co-precipitation during synthesis of the LDHs.
2. The maximum speciﬁc surface area of 74 m2/g was  obtained for
the Ni-Al LDH intercalated with HWO  by the ion-exchange pro-
cess.
3. Almost all intercalation agents are intercalated within the inter-
layer space. The residual agents are deposited on the outside of
the LDH particles and are of the order of several nm in size.
4. Nano-voids are formed between the primary particles of the Ni-
Al samples because the primary particles of the Ni-Al LDH are
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